Introduction
Alcohol consumption is a widespread practice around the world, although its consumption during pregnancy has long-lasting consequences for the developing foetus. The anomalies provoked by the deleterious effects of prenatal alcohol consumption were established in 1973 with the term Foetal alcohol syndrome (FAS) [1, 2] . FAS is characterized by three main clinical features, including growth restriction, craniofacial abnormalities in addition to structural and/or functional deficits in the brain.
It is the most severe form of alcohol related disorders within the non-diagnostic umbrella term Foetal Alcohol Spectrum Disorders (FASD) [3, 4] . Although the severity can vary among individuals, it is mostly associated with the level of exposure, in which heavy drinking patterns are more likely to cause FAS. Moderate and light drinking are commonly responsible for milder forms of FASD, which lack the presence of dysmorphic features typical of FAS [5] but exhibit neurobehavioural and cognitive impairment [6] .
For example, several studies have reported FAS children to be hyperactive, irritable and experience difficulties in tasks of vigilance, reaction time and information processing [7] [8] [9] [10] and life-long impairments can include impulsivity, hyperactivity, social ineptness, poor judgment and learning disabilities [11] .
Australian survey data indicate that up to 80% of women have consumed alcohol in the three months prior to conception, and more than 50% of women continued to drink during pregnancy [12] [13] [14] [15] . Although the consumption rate is clearly lower in pregnant women, up to 50% of pregnancies are unplanned [13] . Therefore, it is possible that the foetus may undergo inadvertent exposure before the pregnancy is confirmed. 4 Rodents have been used to investigate the effect of prenatal ethanol exposure on brain function and behaviour [16, 17] . C57BL/6J mice exhibit a propensity to voluntarily consume alcohol and, using a voluntary drinking paradigm minimizes confounding effects of maternal stress caused by ethanol injections [18] . A recently established mouse model, [19] , utilised ad libitum ethanol exposure (moderate levels of 10% v/v) during the first eight days of gestation (GD 0-8), which in terms of development, is equivalent to the first 3-4 weeks of a human pregnancy [20] mimicking the period of time during which mothers are unaware of pregnancy. Using this procedure, adult coat colour changes were detected in C57Bl/6 mice carrying the epigenetically regulated allele, Agouti viable yellow (A vy ). Given that adult coat colour is known to be linked to the A vy allele, changes in this phenotype show that moderate prenatal alcohol exposure (GD 0-8) could alter gene expression and DNA methylation [21] . Moreover, this study showed, for the first time, that moderate prenatal alcohol exposure could affect the adult phenotype by modifying the epigenotype of the early embryo [19, 20] . However, no detailed behavioural phenotype has been published using this model of moderate dose ethanol exposure in mice [22] .
The aim of this study was to characterise the effects of moderate ethanol exposure early in gestation (GD 0-8) on brain function and behaviour in adult offspring. The initial aim was to examine the generalized behavioural profile as well as more specific behavioural domains, such as learning and memory. For the purposes of this study, the C57BL/6J mouse strain was selected because of the well characterized genetic background and alcohol preference which allows for a less invasive alcohol administration using an ad libitum drinking procedure during the first 8 days of 5 pregnancy (GD 0-8) [19] . We hypothesised that moderate dose, prenatal ethanol exposure would not cause significant abnormalities on early stages (P 7, 14, 21) of offspring development but would have long-term effects on adult offspring behaviour, including increased locomotion and anxiety-related behaviour, and impaired spatial learning and memory.
Materials and Methods

Animals and housing
Ten adult male and 60 adult female C57BL/6J mice were purchased (ARC, Perth, WA)
at postnatal day 70 (P 70) and housed in individually ventilated OptiMice cages (Animal Care Systems, CO, USA) at 21±1°C, 40-60% humidity and 12 hour light dark cycle (lights on 0700 h) with ad libitum access to pelleted food (Mouse Breeder Grower Diet, Specialty Feeds, WA) and water. The mice were habituated to the QBI animal house for 4-5 days and the females were divided across six breeding waves of 10 females each, and separate waves of mice arrived every fortnight. The same sires were used throughout the six waves to reduce variability from different sires. Males were caged with a single, nulliparous female in the afternoon and checked each morning between 0830-0900 h for the presence of a vaginal plug, which indicated that mating had taken place. The day of plug detection is considered gestational day 0 (GD 0), at which the female was removed from the cage and housed individually.
Maternal model of ethanol exposure
We conducted a pilot study to ensure that mice would voluntarily consume 10% (v/v) non-denatured ethanol without an acclimatization period. Time mated female mice (n=4) 6 had access to 2 bottles (10% ethanol or water) and based on the volume consumed we found that they had a preference (67% ± 2, SEM) for the bottle containing 10% ethanol when exposed from GD 0-8. We therefore exposed mice used in the present study to a single bottle as described previously [19] . Half of the females were randomly assigned to the ethanol group and they had access to one bottle containing 10% ethanol. The remaining mice comprised the control group which had access to a bottle containing tap water. All animals had ad libitum access to the drinking bottles and food. Every 24 h the contents of the water bottles were replaced with fresh solution and consumption (ml) measured. The average daily consumption of 10% ethanol during GD 0-8 was 4.2 ± 0.2 (SEM) ml/mouse/day (or 16 g ethanol/kg body weight/day). It has been shown that female mice voluntarily consuming 10% ethanol at 14 g ethanol/kg body weight/day produces average peak blood alcohol levels of ca. 120 mg/dl [23] . On the last day of exposure, GD 8, the bottle containing ethanol was replaced with a bottle containing water. All dams were subjected to only one cycle of ethanol exposure, and all other environmental factors (e.g. cage type, environmental enrichment) were kept the same between groups.
Monitoring early development
To determine whether there were obvious developmental differences between exposure groups (ethanol-exposed, control), a total of 45 animals (Control, n= 15; Ethanolexposed, n=30) were examined for offspring development at P7, 14 and 21. The parameters measured were weight, length, ear folding and eye opening (scale 0-2), teeth eruption (scale 0-3), fur development (scale 0-4) and righting reflex (scale 0-1) (adapted from [24] and [25] ). In addition, the number of steps made in 30 s was 7 recorded as a measure of locomotion. These mice were not use for any subsequent behavioural observations.
Behavioural testing
Behavioural experiments began on mice naïve to handling once the offspring reached adulthood (P70). There were two broad approaches used including, 1) a comprehensive behavioural phenotyping screen, as well as more detailed assessment of 2) spatial learning and memory.
The first section consisted of a battery of generalized tests, which provided an assessment of the broad behavioural domains, including locomotion, exploratory behaviour, anxiety-related behaviour, avoidance learning and pain tolerance. Even though these are not specific tests for behaviours observed in FASD models, they are very sensitive measures of altered brain function and behaviour [26] .
All mice were assessed for locomotor activity on the first day of testing (P 70). The behavioural screen was conducted in the following order on half of the adult offspring from two separate breeding waves (Control, n= 26; Ethanol-exposed, n=25). Each test was performed on a separate day, from least to most stressful, in the following order:
Elevated Plus Maze (P 71), Holeboard (P 72), Light/Dark transition (P 73), Sucrose
Preference (P 74), Active Avoidance (P 75), Hot Plate and Tail Flick (P 76), Forced Swim Test (P 77) and Prepulse Inhibition (P 87).
Open Field
Each mouse was placed in a clear open field (45 x 45 x 45cm, Med Associates Inc, USA) within a sound attenuated chamber and activity levels were recorded for 30 min.
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The light level was set at 18 lux. As a measure of spontaneous activity, distance travelled was calculated using activity monitor tracking software based on beam breaks from three 16 beam infrared arrays and was sampled in 1 min time bins [27, 28] .
Elevated Plus Maze
Each mouse was placed on a cross-shaped platform made with opaque grey acrylic; the 
Holeboard
Each mouse was placed in an opaque white acrylic box (30 x 30 x 30 cm) with a raised (2.5 cm) floor insert containing four holes (2.5 cm diameter, 5.3 cm from each corner) for 10 min. The frequency of head dipping into any of the four holes was used as the primary measure of exploration [30] .
Light/Dark Transition
A dark acrylic insert with a small entrance was placed over half of the open field arena (45 x 45 x 45cm), creating a lit area (100 lux) and a dark area (1 lux). Each mouse was placed in the lit area and its activity was recorded for 30 min using activity tracking software with three 16 beam infrared arrays (Med Associates Inc, USA). The proportion of time spent in each area was then analysed as a measure of anxiety-related behaviours [31] .
Sucrose Preference
Each mouse was given access to two drinking bottles overnight, one bottle containing 1% sucrose and the other standard tap water. The volume (ml) of sucrose-containing water was measured after 1, 4 and 24 h. Mice have a natural interest in sweet food/solutions and this test is primarily used to evaluate the ability to experience pleasure (anhedonia), however it may also serve to analyse exploration (interest in novelty) as well as motivation [32] .
Active Avoidance
Mice were tested for active avoidance using a conditioning paradigm [33, 34] . Each mouse was placed in the left hand chamber of an automated two-way shuttle box (Gemini Avoidance System, San Diego Instruments, SD USA) and the internal gate (which divides the 2 chambers) was closed to allow the mouse to habituate to one chamber for 5 min. All mice were subjected to 80 trials of avoidance learning. Each trial began when the conditioned stimulus (CS, a combination of a cue light and a tone from a speaker situated in the ceiling of each chamber) was presented and the internal gate opened. After 5 s, the unconditioned stimulus (US, mild electric shock, 0.4 mA delivered by current device attached to the chamber floor) was delivered through the bars of the floor. If the mouse moved into the opposite chamber during the CS, the CS was
A c c e p t e d M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 10 terminated, the gate closed and no US was delivered (i.e. conditioned avoidance response). If the mouse moved into the opposite chamber during the US, both the CS and US were terminated and the gate was closed (escape reaction). If the mouse failed to move to the opposite chamber after 2 s of US presentation (total 7 s), the trial was terminated and the gate closed (no response). The Gemini software automatically recorded the number of CAR, escapes and no responses.
Hot Plate
Each mouse was placed on an automated hot plate (Harvard Apparatus, Ltd., Kent, and the mean latency of these was used as measure of nociception [35] .
Tail Flick
Each mouse's tail was exposed to a concentrated beam of light (150W), at 30% maximum intensity using a standard tail flick apparatus (Harvard Apparatus, Ltd., Kent, England). Nociception was measured by assessing the latency for the animals to curl or flick their tail, automatically measured by an infrared beam. Each mouse was tested with three trials, each with a maximum duration of 15 s, and the mean latency of these was used in analysis as measure of nociception [36] .
Forced Swim Test
Mice were placed individually into a clear plastic cylinder (13 x 20 cm, d x h) filled to three-quarter capacity with tap water at 25 ± 1°C. During the 10 min test, swimming M a n u s c r i p t 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 11 activity was scored using the mobility threshold settings within a video tracking software (Ethovision, Noldus) by measuring the percentage change in area of the tracked object from one sample to the next. Activity was defined as immobile (0-20 %), mobile (20-60 %) or strongly mobile (60-100 %). Immobility time between 3 and 6 min was used to analyse learned helplessness [37] .
Prepulse Inhibition (PPI)
Sensorimotor gating was measured using PPI, in which a startle response is suppressed when preceded by a weaker stimulus [38] . Each mouse was placed in a Perspex cylinder (5 x 15 cm, d x l) within a sound-attenuating box (SR-LAB, San Diego Instruments). The animal's response was measured by an accelerometer attached to the plastic cylinder, and broad band white noise was delivered by an overhead speaker.
Initially mice were exposed to background noise (70 dB) for a 5 min acclimation period.
The session consisted of 26 trial types, presented in a pseudo-randomized order, each 5 times, presenting either a sound pulse alone (40 ms duration) or preceded by a weaker pulse (20 ms duration). The sound pulses were set at a range of intensities (80, 90, 100, 110, 120 dB), whereas the prepulse trials consist of 3 prepulse intensities (74, 78, 86 dB) preceding a 120 dB pulse using a range of prepulse-pulse intervals (8, 16, 32, 64, 128 and 256 ms). The median value for each trial type was used in the analysis.
The percentage PPI was calculated as [(startle amplitude on pulse alone trials -startle amplitude on prepulse trials)/startle amplitude on pulse alone trials] x 100. 
Morris Water Maze Test (MWM)
Following the behavioural phenotyping screen, the same animals were subjected to the water maze test to evaluate learning and spatial memory (P 78-86). The water maze 
Statistical analyses
Results were analysed for statistical significance using the SPSS statistics software package (ver. 17, SPSS Inc., Chicago, Illinois). No significant Group x Sex interactions were encountered and as the main focus of this study was on Group effects, data were presented pooled for sex. Data were analysed using ANOVA and, where appropriate, repeated measures were used. Student's t-test was used to assess the difference between two groups. A p value of 0.05 or less was considered to be statistically significant.
Results
Early development
There was no significant effect of ethanol exposure on body weight and length, ear folding, eye opening, and righting reflex (see Table 1 ). There was a significant main effect of Group on the locomotor scores (F 1,41 =38.25, p<0.001; Fig. 1 ), measured as the number of steps taken in 30 s, whereby ethanol-exposed mice showed increased locomotion at P 14 and 21 in comparison to controls.
Behavioural studies
Locomotion and exploration
Ethanol-exposed mice had significantly higher levels of activity than controls in the first 10 min of the open field test (t 98 = 2.33, p= 0.02; Fig. 2A ). There was no significant effect of Group in the remaining 20 min (10-20 min: t 98 = 0.79, p= 0.43; 20-30min: t 98 = 1.48, p= 0.14). In addition, during the 10 min holeboard test, ethanol-exposed mice had a 14 significantly greater frequency of head dips in comparison to controls (t 38 = 2.15, p= 0.037; Fig 2B) .
Anxiety-related behaviour and learned helplessness
There were no significant main effects of Group on behaviours associated with the elevated plus maze or light dark test (See Table 2 There was no significant difference in learned helplessness behaviour with ethanolexposed mice spending a similar amount of time immobile in the forced swim test as control mice (t 58 = -0.56, p= 0.58).
Adult body weight, fluid consumption and nociception
There were no significant effects of Group on mean body weight of either males or females, or in nociception, because the latency to respond in the hot plate and tail flick tests was not significantly altered. The total volume of fluid consumed over a 24h
period, recorded during the sucrose preference test, was not significantly different between Groups. However, ethanol-exposed mice showed significantly higher levels of fluid intake (ml) in the first hour of the sucrose preference test (t 30 = 2.78, p= 0.009), which may be associated with altered motivational state or response to novelty (See Table 2 ).
Page 16 of 35
A c c e p t e d M a n u s c r i p t Table 2 ).
Spatial learning and memory in the Morris water maze
No significant effect of Group was detected in the latency to reach the visible platform during the first day of training on the cued version of the Morris water maze (t 48 = 0.74, p= 0.46; Fig. 3A ). Both groups learned to find the hidden platform during the acquisition phase of training (Days 2-5), which was shown by a progressive decrease in latency to reach the platform. Ethanol-exposed mice appeared to reach the platform faster than control mice and the mean difference in latencies reached statistical significance (F 1,48 = 4.05, p= 0.0498; Fig. 3A ). The platform was removed from the pool on the sixth day 
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(Probe day) to assess spatial memory 24 h after the end of training. Ethanol-exposed mice showed a significantly reduced latency to reach the probe area in comparison to control mice (t 49 See Fig.3C for a diagrammatic representation of the quadrant allocation). Lastly, the mean (±SEM) distance travelled during the Probe day was also analysed and once again an effect of Group was encountered, whereby ethanol-exposed mice swam further than control mice (t 48 = 2.64, p= 0.01; Fig 3D) .
Discussion
It has been shown that brief exposure to moderate (10% v/v) ethanol in early gestation (GD0-8), using a C57BL/6J mouse model of voluntary exposure led to an alteration of the epigenotype in adult offspring [19] . However, until now there had been no studies investigating the long-term effects of this model of exposure to ethanol on brain function and behaviour. There were three main findings from the current study. Given the low dose and short period of ethanol exposure used in this study, major developmental abnormalities were not expected. Thus, it was not surprising that ethanol-exposed mice achieved developmental milestones with no complications at each of the stages observed (P 7, 14, 21). Previous studies using mouse models of voluntary ethanol consumption from GD 0-P 10 have reported abnormalities in neurodevelopmental milestones such as delayed righting reflex and negative geotaxis [18] . In the current study, ethanol-exposed mice showed increased activity at P 14 and P 21. However, contradictory results have been reported in the literature. For example, some studies report decreased locomotion in ethanol-exposed mice [18] , whereas other studies have reported increased activity in young mice (P 25) [41, 42] .
Consistent with the locomotion findings at P 14 and P 21, adult (P 70) ethanol-exposed mice showed hyperactivity during the first 10 min in the Open Field test. Moreover, while hyperlocomotion in the adult offspring of ethanol-exposed mice has been previously noted [42, 43] , it has also been reported that prenatal ethanol exposure has no effect on activity levels [44] , or that once offspring reach adulthood, the hyperactive behaviour (observed during adolescence) becomes attenuated [45] . However, it has been
proposed that the alterations in activity levels may reflect enhanced novelty-seeking 18 behaviour rather than locomotion, per se [18] . In support of this suggestion, ethanolexposed mice in the current study also showed elevated exploratory levels during the holeboard test as well as increased fluid consumption during the first hour of the sucrose preference test. Increased fluid consumption can sometimes be associated with food-related behaviours (hunger levels). However, there was no significant difference in body weight measurements, making this explanation unlikely. Alternatively, these data suggest that ethanol-exposed mice had increased motivation or perhaps had increased novelty-seeking behaviour. This finding is supported by previous rodent studies that have also noted elevated inspective behaviours in ethanol-exposed animals [23, 46, 47] .
Other behavioural parameters, including anxiety-related behaviours (in the EPM and Light/Dark tests), anhedonia, conditioned avoidance learning, learned helplessness (FST), sensorimotor gating, acoustic startle response and prepulse inhibition were not altered as a result of ethanol exposure in this mouse model. By contrast, an increase in anxiety-related behaviours has been previously reported as an effect of prenatal ethanol exposure [48, 49] . Similarly an increase in depressive-like behaviours has also been reported following high dose ethanol exposure throughout gestation [50] . However, the moderate exposure and mild ethanol dosage used in the current model appears to have resulted in a less severe behavioural phenotype. Moreover, the timing of ethanol exposure during different periods of brain development has important consequences for brain function. For example, synaptic plasticity within the hippocampus is particularly vulnerable to ethanol induced alterations during GD 11-22, whereas minor changes are seen after exposure between GD0-11 or P 0-14 [51] .
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Hippocampal-dependent learning and memory was assessed in the current study by subjecting the animals to the Morris water maze test. During the second stage of testing, ethanol-exposed mice showed an enhanced performance, where the latency to reach the escape platform was shorter than control mice. Similarly, improved memory was observed during the retention test (probe trial). Although these results contradict various animal and human studies [52, 53] , several studies of prenatal ethanol exposure in rodents have encountered similar findings, whereby ethanol-exposed animals perform significantly better than controls in hippocampal-dependent learning and memory tasks (Y maze test) [54] [55] [56] . It is important to note that most of the studies reporting improvements in spatial memory use a short duration of exposure [although variable doses] [55, 57] whereas those that have reported impairments mostly use prolonged periods of exposure [58, 59] . Interestingly, biphasic age-dependent changes were noted in a recent study on early stress (ES) (e.g. maternal separation), whereby postnatal early stress animals show transiently enhanced hippocampal neurogenesis and improved cognitive performance (MWM test) at young ages (8 weeks of age), while the opposite was observed in middle-aged ES animals (15 months) [60] . This suggests that early adverse experience facilitates adaptive changes to provide a survival advantage in stressful environments (such as forced swimming) at younger ages;
however, in middle-aged animals, this advantageous adaptation appears to shift into deleterious consequences with regards to neurogenesis, trophic factor expression and cognition. Other studies support these findings, demonstrating cognitive impairments in middle-aged life as a result of inadequate maternal care [61, 62] . It is possible that our study falls under a similar pattern of observations, whereby the enhanced performance 20 noted in the MWM at younger ages (P70) may be only temporary as a result of the prenatal exposure to ethanol (early stress), which could be allowing the adaptation in stress conditions at early adulthood and may become deficient at later stages of life (middle-age) and this should be addressed in future studies.
The behavioural findings reported in this study are consistent with the hypothesis that prenatal ethanol exposure impairs the offspring's ability to inhibit responding, thereby inducing an increase in general activity or reactivity in certain testing environments, as originally proposed by Riley in 1979 [56, 63] . In this study we found hyperlocomotion in an open field, increased exploration, heightened motivation and enhanced performance on a spatial memory task. It is important to note that the variability in the phenotype seen using different prenatal ethanol exposure models are influenced by a large number of factors, such as duration and pattern of alcohol consumption, method of alcohol administration, peak blood alcohol concentration, age at testing and strain of animal used [49, 64] . From a broader perspective these data suggest that low ethanol exposure during early gestation may be sufficient to induce consequences in the offspring that persist throughout life. Current National Health and Medical Research Council of Australia guidelines for the consumption of alcohol indicate that there is no 'safe' threshold level of alcohol consumption during pregnancy [65] and this, being a model of brief exposure, emphasizes the point that fertile women who are not undertaking contraceptive methods should be aware that alcohol consumption in early pregnancy may result in long-term effects on their children. 
Conclusions
The effects of prenatal ethanol exposure have been the focus of numerous human and animal studies. Given that offspring from mothers who consume large amounts of alcohol suffer the most severe forms of damage, a large majority of studies have focused on the effects occurring as a result of heavy prenatal exposure to ethanol, whereas alterations caused by subtle levels of exposure have not been explored as extensively. This study evaluated the long-term effects that may occur as a result of inadvertent exposure to ethanol (before mothers become aware of their pregnancy).
The mouse model used in this study entails a brief duration of exposure (GD 0-8) to a moderate ethanol dose (10% v/v), using an ad libitum drinking paradigm in C57Bl/6J mice. The current findings demonstrate that adult offspring have a subtle phenotype that is not as severe as that seen in models of high dose exposure. However, moderate prenatal ethanol exposure leads to persistent behavioural alterations into adulthood.
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